Rat mature cerebellar granule, unlike hippocampal neurons, die by apoptosis when cultured in a medium containing a physiological concentration of K ؉ but survive under high external K ؉ concentrations. Cell death in physiological K ؉ parallels the developmental expression of the TASK-1 and TASK-3 subunits that encode the pH-sensitive standing outward K ؉ current IKso. Genetic transfer of the TASK subunits in hippocampal neurons, lacking IKso, induces cell death, while their genetic inactivation protects cerebellar granule neurons. Neuronal death of cultured rat granule neurons is also prevented by conditions that specifically reduce K ؉ efflux through the TASK-3 channels such as extracellular acidosis and ruthenium red. TASK leak K ؉ channels thus play an important role in K ؉ -dependent apoptosis of cerebellar granule neurons in culture.
Cell excitability is a critical determinant of neuronal survival during brain development (1, 2) . K ϩ channels set both the resting membrane potential and the action potential duration. Opening of K ϩ channels and consequent efflux of K ϩ significantly influence neuronal death/survival (3) (4) (5) (6) (7) (8) (9) (10) . K ϩ channels can either induce neuronal apoptotic cell death (3) (4) (5) (6) (7) or, by contrast, protect neurons from ischemia and excitotoxicity (8 -10) . For instance, overexpression of the weak inward rectifier K ϩ channel ROMK1, causes chronic silencing and apoptosis of rat hippocampal neurons (7) , while opening of the K ATP channel with cromakalim is involved in preconditioning and is thus neuroprotective (8, 9) . K ϩ channels can also have an oncogenic potential as described for the EAG, HERG, and the KCNK9 (TASK-3) channels (11) (12) (13) (14) . Thus, depending on the channel subunit and/or the cell type, K ϩ channels can exert either protective or deleterious effects.
Programmed cell death is particularly important in the developing cerebellum (15) (16) (17) . During the first post-natal week, intense proliferation of the external granular layer (EGL) gives rise to several millions of granule neurons (GN) 1 that migrate across the molecular and Purkinje layers to reach the inner granular layer (IGL) (15, 17) . Massive apoptosis contributes to numerically match GN with the post-synaptic Purkinje neurons. Both synapse-dependent and -independent events are involved in developmental GN apoptosis (15, 17) . Various neurons including rat GN die by apoptosis when cultured in a medium containing a physiological concentration of K ϩ (5, 6, 16, 18 -20) . K ϩ -rich depolarizing culture medium as well as K ϩ channel blockers promote neuronal survival in vitro (5, 6, 16, 18 -24) . In the present report, we investigated whether K ϩ channels might be involved in in vitro K ϩ -dependent granule neuronal apoptosis.
A novel family of mammalian K ϩ channel subunits which comprise four transmembrane segments and two P domains in tandem has recently been discovered (25) (26) (27) (28) . So far, 15 human 2P domain K ϩ channel subunits have been identified. These subunits dimerize to form functional K ϩ channels (29, 30) . The TASK 2P domain K ϩ channels are characterized by a typical leak or background activity and are open at rest. By contrast, the TREK/TRAAK 2P domain K ϩ channels require either a physical (stretch, heat, intracellular acidosis) or chemical (polyunsaturated fatty acids, lysophospholipids, inhalational anesthetics, riluzole, membrane crenators) stimulation to open (25, 26) . The 2P domain K ϩ channels are resistant to the classical K ϩ channel blockers including tetraethylammonium (TEA) and 4-aminopyridine (4-AP) (25, 26) . TASK-1 and TASK-3 channels (KCNK3 and KCNK9) are reversibly inhibited by extracellular acidosis with a pK value of about 7.3 and 6.7, respectively (30 -36) . TASK-1 is preferentially inhibited by anandamide, independently of the CB receptor (37) , while TASK-3 is blocked by ruthenium red in the micromolar range (38) . The TASK channels are additionally down-modulated by the activation of Gq-coupled receptors including the m3 muscarinic receptor (39 -41) . TASK channels have recently been implicated in central and peripheral chemoreception, in the control of aldosterone secretion from adrenal glomerulosa cells, in cardiac arrythmias and in general anesthesia (35, 39, 40, (42) (43) (44) (45) .
TASK-1 and TASK-3 subunits are abundantly expressed in cerebellar GN (31-34, 36, 41, 46, 47) . Rat GN express high levels of an outwardly rectifying K ϩ current, termed IKso (standing outward K ϩ current), which shares all the biophysical, pharmacological, and regulation characteristics of the TASK-1 and TASK-3 two-pore domain K ϩ channels (41, 48, 49) . In this study, we demonstrate that TASK-3 channels contribute to IKso and are involved in K ϩ -dependent rat granule neuronal death in culture.
MATERIALS AND METHODS
Neuronal Cell Cultures-Cerebellar granule cells were prepared from 7-8-day-old Wistar rats (Iffa Credo, France). Neurons were seeded on poly-L-lysine (50 g/ml)-coated dishes or coverslips at a density of 2.5 ϫ 10 6 cells/cm 2 and cultured in Eagle's basal medium (EMEM, Sigma) supplemented with 10% fetal calf serum (Invitrogen), 25 mM KCl, 0.5% penicillin-streptomycin. To prevent growth of glial cells, cytosine arabinoside (Ara-C) (10 M) was added to the cultures 24 h following plating. GN were similarly prepared from 5-6-day-old OF1 mice.
Hippocampal neurons were prepared from 18 -19-day fetal Wistar rats (Iffa Credo, France). Neurons were seeded on poly-D-lysine-coated plates at a density of 2 ϫ 10 6 cells/cm 2 and cultured in EMEM supplemented with 10% horse serum (Sigma) and 0.5% penicillin-streptomycin. After 48 h, the serum-supplemented medium was replaced by EMEM containing B27 supplement, and cells were used for viral infection experiments after 1 week.
Electrophysiological Recordings-The electrophysiological procedure has been previously described in detail elsewhere (31, 37, 44) . Whole cell currents were recorded in the perforated configuration with amphotericin B (240 g/ml). The standard external solution contained 120 mM NaCl, 5 mM KCl, 2 mM MgCl 2 , 0.5 mM CaCl 2 , 5 mM glucose, 10 mM HEPES pH 7.4 with NaOH. The pipette solution contained 125 mM KCl, 5 mM MgCl 2 , 0.1 mM EGTA, and 5 mM HEPES pH 7.2 with KOH. Cells were continuously superfused with a microperfusion system during the time course of the experiments (0.1 ml/min). Experiments were performed at room temperature. The K ϩ -rich solution contained 120 mM KCl instead of NaCl. pH of the external solution was adjusted with HCl. Staurosporine (Sigma) stock solution was made in Me 2 SO at a concentration of 10 mM. Methanandamide was provided as an ethanol solution (BioMol). VDM11 (a gift of V. Di Marzo) and AAOCF 3 (BioMol) were disolved in ethanol at a concentration of 100 mM. Muscarine (Sigma) stock solution was made in water at a concentration of 100 mM. 4-Diphenylacetoxyl-N-methylpiperidine methiodide (4-DAMP) (RBI), tetraethylammonium (TEA, Sigma), 4-aminopyridine (4-AP), and ruthenium red (Sigma) were directly dissolved in the external medium. Solvents were routinely included in the control solutions when needed, and pH was always carefully adjusted.
Induction of Apoptosis-Unless otherwise stated, the GN were maintained for the first 8 days in vitro (8 DIV) in a standard medium (S ϩ , 25K) (EMEM, Sigma) containing 10 M cytosine arabinoside. Hereafter, the cells were washed once and then switched to a serum-free medium containing 5 mM K ϩ and 20 mM NaCl instead of KCl (S Ϫ , 5K). Sister cultures were washed identically and maintained in serum-free medium containing 25 mM KCl (S Ϫ , 25K). In control experiments, the effect of short term serum deprivation was determined on cell survival. Hydrolyzed fetal calf serum (Invitrogen) was used in the S ϩ conditions, because addition of fresh normal calf serum is known to be toxic to mature GN (50, 51) . During a 15-h treatment (maximal time window used in the present report), serum deprivation did not significantly alter cell survival in either 5 mM or 25 mM KCl-treated cultures. Both the S Ϫ 5 K and 25 K media lacked cytosine arabinoside that has been previously shown to be toxic to cerebellar granules after K ϩ withdrawal (51) . In this model of culture, neuronal death is thus mainly due to K ϩ withdrawal (51) . In the complete absence of cytosine arabinoside in the culture medium, both glial cells and GN survive up to 10 days in the S ϩ , 25K medium, whereas only glial cells survive in the S ϩ , 5K medium. Cell death in the 5K medium was therefore independent of the presence or the absence of cytosine arabinoside, i.e. of glial cells. pH was buffered using either: 1/increasing concentrations of HCO 3 Ϫ in the EMEM(osmotic compensation with NaCl); 2/HEPES 10 mM titrated with NaOH (2 M in EMEM). Osmolarity of the culture medium was checked with a Knauer automatic osmometer. In experiments with pharmacological agents, solvents were always included in the control solutions when needed.
Assessment of Cell Death-Neuronal injury was quantitatively assessed by the measurements of lactate dehydrogenase (LDH) release in the medium or by staining the nuclei with the cromatin-fixing dyes propidium iodide (PI) or 4Ј,6Ј-diamidino-2-phenylindole (DAPI). For staining purposes, cells were fixed with freshly prepared paraformaldehyde (PFA) 4%. For nuclear staining with PI, cells were permeabilized with 70% ethanol and incubated in phospate-buffered saline containing propidium iodide (5 g/ml during 10 min). The nuclei of dying cells were highly fluorescent and condensed compared with live cells. Neuronal cell death was scored by counting in at least 6 randomly chosen subfields with a 25ϫ objective for each sample. Results are mean Ϯ S.E. of counting in three independent experiments. Staining with DAPI was performed using a ready-to-use mounting medium containing DAPI (Vectashield, Vector). Further assessment of apoptosis was performed as described below.
RNA Extraction and Reverse Transcription PCR-Cells grown in (S ϩ , 25K) in 60-mm dishes were recovered for RNA analysis at distinct days in vitro (DIV 1, 3, 5, and 8). For comparison, cerebellum was isolated from 7-, 10-, 14-, and 21-day-old rats. Total RNAs were extracted by the TRIzol method (Invitrogen) for cerebellum and by the RNeasy Mini Kit (Qiagen) for cultured granule neurons. Reverse transcription was performed with 2 g of total mRNA, treated for 30 min with DNaseI (Roche Applied Science), and reverse-transcribed with Superscript II reverse transciptase (Invitrogen). Real-time PCR analysis (SYBR Green Mastermix Plus, Eurogentec) was performed to estimate the level of expression of both TASK-1 and TASK-3 in cerebellum and cultured granule neurons. Real-time PCR assays for each gene target were performed on cDNA samples in 96-well optical plates on an ABI Prism 7700 Sequence Detection system (PE Biosystems). PCR data was captured using Sequence Detector Software. The data were analyzed using the comparative C T method where the amount of target is normalized to an endogenous reference (cyclophylin D) (User Bulletin N°2 Applied Biosystems). Experiments were performed in triplicate. The following primers were used for PCR: rTASK-1, for: 5Ј-CGGCTTCCGCAACGTC-TAT-3Ј and rev: 5Ј-TTGTACCAGAGGCACGAGCA-3Ј; rTASK-3, for: 5Ј-GACGTGCTGAGGAACACCTACTT-3Ј and rev: 5Ј-GTGTGCATTC-CAGGAGGGA-3Ј; cyclophilin D, for: 5Ј-GGCTCTTGAAATGGAC-CCTTC-3Ј and rev: 5Ј-CAGCCAATGCTTGATCATATTCTT-3Ј. Standard curves were generated for each set of primers using serial dilutions of rat brain cDNA to ensure a similar efficiency of amplification.
DNA Fragmentation Analysis-Cells (60-mm culture plates) were lysed in extraction buffer (5 mM Tris, pH 7.5, 100 mM EDTA, 1% sodium dodecyl sulfate (SDS), and 200 g/ml proteinase K) at 37°C overnight. DNA was subsequently extracted with phenol and chloroform/isoamyl alcohol and treated with RNase A (50 g/ml) at 37°C for 1 h. DNA was precipitated with isopropyl alcohol and analyzed on an agarose gel (1.2% agarose (SeaKem GTG, FMC BioProducts). The gel was stained with ethidium bromide and visualized using a UV light source. For terminal deoxynucleotidyl transferase-mediated DNA nick-end labeling (TUNEL) labeling, the in situ cell death detection kit (fluorescein) from Roche Applied Science was used according to the manufacturer's instructions.
Assessment of Caspase Activity-After incubation of GN in low K ϩ media for 4 h (at distinct pH: 6.4, 6.8, and 7.2), cells were rinsed in phosphate-buffered saline, gently scraped, pelleted by centrifugation, and resuspended in 40 l of lysis buffer, and caspase activity was determined using the Neosystem kit. Results are the mean Ϯ S.E. of triplicate values.
Generation of Semliki Forest Virus (SFV) Vectors-
The mutant vector SFV(PD) carries two point mutations in the non-structural protein 2 gene (S259P and R650D) and is characterized by a lack of cellular toxicity and an increased level of transgene expression, as compared with the wild-type SFV vector. To express the EGFP reporter gene (Clontech) separately from any gene of interest, we transformed pSFV(PD) into a double-subgenomic RNA promoter vector, termed pSFV(PD)-Sub-GFP. Briefly, using pSFV-GFP as a template, we amplified by PCR the cDNA encompassing the 26 S subgenomic RNA promoter region (including the 19 nucleotides upstream from the 26 S subgenomic RNA), and the EGFP gene with primers containing a NotI and an ApaI site (forward and reverse primer, respectively). The resulting PCR fragment was then inserted into the NotI/ApaI sites of pSFV(PD), yielding pSFV(PD)-Sub-GFP. This vectors retains in the multiple cloning site the following unique restriction sites to insert genes of interest under the control of the first 26 S subgenomic RNA promoter: RsrII-BssHII-XmaI-SmaI-XhoI-SpeI-NotI (5Ј-to 3Ј-end). We used pSFV(PD)-Sub-GFP to insert the following cDNAs: mTREK-1, mTREK1 E306A , rTASK-1, rTASK-3, rTASK-1
G95E
, and rTASK-3
. In vitro transcribed vector RNA was introduced with RNA from pSFVHelper2 into baby hamster kidney 21 (BHK) cells by electroporation. Recombinant SFV particles were harvested after 24 h, activated with ␣-chymotrypsin, centrifuged at 35,000 rpm for 2 h, and resuspended in neuronal medium. TASK-1 and TASK-3 viruses were generated in a culture medium containing 25 mM KCl.
TASK Viral Overexpression in Cerebellar Granule and Hippocampal Neurons-Hippocampal neurons 6 DIV were infected as indicated above, but the media were replaced by freshly pH-adjusted EMEM after 2 h of incubation. After 16 -24 h, cells were rinsed and fixed in 4% paraformaldehyde and used for DAPI and TUNEL staining. For TUNEL labeling we used the in situ detection kit (TMR-red) from Roche Applied Science. Cells were analyzed by fluorescence microscopy. Chan-nel-expressing cells were visualized by green fluorescence, TUNELlabeled cells by red fluorescence, and DAPI-colored nuclei were visualized by blue fluorescence. Apoptotic cells were scored by counting 80 green cells from each culture dish, two dishes per condition. The results were pooled from four separate experiments. In each case, cell viability/ death were estimated by both DAPI and TUNEL labeling. 5 DIV GN cultures were infected by addition of virus into the culture medium. The viruses were left for 36 h, because of a weaker efficiency of infection compared with hippocampal neurons, then GN were transferred to virus-free media containing 5 mM KCl. Cells were fixed with paraformaldehyde after 6 h. After fixation, cells were mounted in DAPI-containing mounting medium, and the number of dead (pyknotic or fragmented nuclei) or alive green fluorescent cells were counted by fluorescence microscopy. Non-neuronal cells, which were bigger and less bright after the DAPI staining were not counted. The results were pooled from four separate experiments.
RESULTS

Developmental Expression of IKso and TASK Channel Subunits in Rat Cerebellar
Granule Neurons-IKso was present at a very modest level in young neurons (DIV 1-3), whereas there was a gradual and substantial increase in its amplitude in older cultures (Fig. 1, A-E) . The current density of IKso and the resting membrane potential reached a maximum at about 9 -10 DIV ( Fig. 1, E-F ). IKso displayed a typical background activity, which was inhibited at acidic extracellular pH (Fig. 1, B 
-C).
The effect of external acidosis was dose-dependent and halfmaximal inhibition was observed at a pH value of 6.7 (Fig. 1D ). In 9 DIV GN, decreasing external pH to 6.4 mimicked the effect of an increase in external K ϩ and induced membrane depolarization (Ϫ74.7 Ϯ 0.9 mV; n ϭ 37; Ϫ57.1 Ϯ 1.6 mV; n ϭ 26; Ϫ35.9 Ϯ 1.5 mV; n ϭ 19 for 5K pH 7.4, 5K pH 6.4, and 25K pH 7.4). IKso was not affected by the K ϩ channel blockers TEA (10 mM) and 4-AP (3 mM) ( Fig. 1 , B-C). Real-time PCR analysis revealed that the level of TASK-1 and TASK-3 transcripts gradually increased with time both in culture and in vivo (Fig.  2, A-B) . When compared with the in vivo situation, the level of transcripts in culture was higher by about 3-6-fold for TASK-1 and TASK-3, respectively. However, the presence of various cell types in the cerebellum that may lack TASK subunits could have led to an underestimation of TASK-1/-3 in vivo. Moreover, the ratio between TASK-3 and TASK-1 mRNAs increased from about 0.4 in vivo to 1 in vitro (Fig. 2, A-B) .
Developmental Regulation of K ϩ -dependent Granule Neuron Death and Acidic Protection-Rat GN were cultured in 25 mM K ϩ and then shifted to a medium containing 5 mM K ϩ at distinct DIV (Fig. 3) . Cell death was estimated at 15 h following the shift to low K ϩ by the number of pyknotic/fragmented nuclei visualized with either PI or DAPI staining (Fig. 3, A-B) . At a physiological pH (7.4) , granule neurons at 1-3 DIV survived in low K ϩ (5 mM) whereas cultures older than 4 DIV gradually died (Fig. 3, A-B) . Maximal sensitivity to external K ϩ , with about 90% of cell death was reached at 6 DIV (Fig.  3A) . Similar experiments were performed with the extracellular pH lowered from 7.4 to 6.4 (Fig. 3, A-B) . In young cultures (1-3 DIV), lowering pH to 6.4 in low K ϩ conditions enhanced cell death (Fig. 3A) . However, GN older than 4 DIV was fully protected from K ϩ -dependent cell death by acidic pH (Fig. 3,  A-B) . A similar protective effect of external acidosis was observed in the presence of either HCO 3 Ϫ (5% CO 2 ) or HEPES (air) as a buffer in the culture medium. Next, we monitored lactate dehydrogenase (LDH) release, as an indicator of cell lysis and death, in young (4 DIV) and older (5-8 DIV) GN in low K ϩ conditions (15-h treatment) at both pH 7.4 and pH 6.4 (Fig. 3C) . The release of LDH from 4 DIV neuron was modest and insensitive to external acidosis whereas older GN (5-8 DIV) cultured in low K ϩ conditions displayed a substantial pH-sensitive LDH release (Fig. 3C ). 8 DIV GN cultured in media containing increasing concentrations of external K ϩ ranging from 5 to 25 mM K ϩ were gradually protected (Fig. 3D ). We induced 8 DIV GN death in the 25 mM K ϩ -rich medium at pH 7.4 by removing serum (24-h long term treatment) or adding 500 nM staurosporine (Fig. 3E) . Both experimental ap- proaches led to a significant increase in cell death although the effect of staurosporine was substantially more dramatic than the effect of serum starvation. In both conditions, cell death was not affected by extracellular acidic pH, although in parallel control experiments acidosis to pH 6.4 fully protected the sister GN culture from K ϩ -dependent death (Fig. 3F ). These data demonstrate that acidic neuroprotection is thus specific to K ϩ -dependent GN death.
pH Sensitivity of Granule Neuron K ϩ -dependent Death-8 DIV GN were incubated for 8 h in low K ϩ medium at various extracellular pH values ranging from 6.0 to 8.5 in order to determine the pH sensitivity of K ϩ -induced GN death (Fig. 4A) . At pH values lower than 6.6, K ϩ -dependent cell death was completely abolished. Half-maximal death was observed at a pH of about 7.0 (Fig. 4A) . As another index of cell apoptosis, DNA fragmentation was observed in 8 DIV neurons cultured in low K ϩ condition at pH values higher than 6.6 (Fig. 4B) . Again, half-maximal DNA fragmentation was observed at a pH of about 7.0. A protective effect was also observed in the 25 mM K ϩ -rich condition at pH 7.4 (Fig. 4B ). 8 DIV GN cultured for 15 h in a low K ϩ medium at pH 7.4 were TUNEL positive, demonstrating apoptotic cell death (Fig. 4C) . Lowering external pH to 6.4 protected GN from cell death and almost completely eliminated the TUNEL signal (Fig. 4C) . Caspase activation, a hallmark of apoptosis, was measured using the fluorogenic tetrapeptide substrate Ac-DEVD-MCA. The DEVD-MCA cleavage activity is specific to group II caspases, since it is blocked by the specific inhibitor DEVD-CHO. Cells were recovered at 4 h following transfer to low K ϩ medium (Fig. 4D) . Very low caspase activity was observed in cell extracts from cultures at pH values of 6.4 and 6.8, whereas activity at pH 7.2 was dramatically increased.
Identical Pharmacological and Regulation Properties between IKso/TASK and K ϩ -dependent Granule Neuron Death-K ϩ -dependent cell death of 8 -9 DIV GN, similarly to IKso, was not sensitive to 4-AP (2 mM) and TEA (3 mM) although acidosis to pH 6.4, which inhibits IKso, fully protected these neurons (Fig. 1, B-C, 5C ). IKso was not affected by 3 M methanandamide (a preferential blocker of TASK-1, Ref. 37 ) and only partially inhibited by 10 M methanandamide (n ϭ 16) (Fig.  5A) . No protection was observed with 10 M methanandamide in the presence or in the absence of the anandamide transporter inhibitor VDM11 and the anandamide amidase inhibitor AACOCF 3 (Fig. 5D) . Ruthenium red, a blocker of TASK-3 (52), dose-dependently inhibited IKso (Fig. 5B) . At 10 M, 100% of the pH 6.4-sensitive component of IKso was inhibited (n ϭ 3) (Fig. 5B) . GN was gradually protected from K ϩ withdrawal cell death by increasing concentrations of ruthenium red (Fig. 5D) . No toxic effect of the polycationic dye was observed on GN maintained in the K ϩ -rich solution (Fig. 5D, inset) . IKso, as previously reported (41, 48) , was reversibly inhibited by muscarinic stimulation (Fig. 6A) . Muscarine mimicked the effect of extracellular acidosis and induced GN depolarization (Fig. 6A, inset) . Muscarine also significantly protected GN from K ϩ -dependent cell death at pH 7.4 (Fig. 6B ). This protective effect was reversed by the muscarinic m1/m3 receptor antagonist 4-DAMP (Fig. 6B) .
Transfer of K ϩ -and pH-dependent Cell Death to Hippocampal Neurons by Viral Expression of TASK Subunits-
We next investigated whether overexpression of TASK channel subunits in hippocampal neurons that lack IKso, i.e. a TASK-like current, and are known to survive in low K ϩ conditions (5 mM), could induce a K ϩ -and pH-sensitive cell death (Fig. 7) . We used a non-cytotoxic Semliki Forest Virus mutant (SFV(PD)) to introduce rTASK channel subunits into cultured neurons (53) . Hippocampal neurons (7 DIV) infected with control virus, bearing only EGFP, were highly fluorescent as early as 5-h postinfection. Cells were either fixed at 16 -24 h postinfection for cell viability experiments, or tested for channel expression in electrophysiology (Fig. 7) . Cells expressing EGFP alone showed normal morphology and displayed electrophysiological properties similar to those of non-infected cells, i.e. a lack of IKso (Fig.   7A ). DAPI or TUNEL staining revealed no sign of cell death (Fig. 7E) . In the TASK-infected cells, a pH-sensitive IKso-like current was recorded (Fig. 7, B-C) . TASK-3 currents were consistently higher than the TASK-1 currents and partially inhibited at pH 6.4 (Fig. 7, B-C) . Cells infected with rTASK-1/ EGFP or rTASK-3/EGFP, only showed a very weak green fluorescence at 16 -24-h postinfection when cultured in low K ϩ conditions (Fig. 7D) . DAPI staining revealed a high number of fragmented nuclei that were also TUNEL-positive (Fig. 7,  D-E) . The mechano-gated K ϩ channel TREK-1, unlike the constitutively active TASK K ϩ channels, did not alter cell survival (Fig. 7E) . However, expression of the TREK-1 mutant E306A, that is locked in the open conformation (54), similarly to TASK subunits, induced hippocampal neuron death (82.3 Ϯ 3.1% apoptotic neurons in 5 mM K ϩ ). The time course of cell death was always faster with TASK-3 in comparison to TASK-1 upon switching to low K ϩ conditions. When hippocampal cells expressing TASK-1 or TASK-3 were maintained at pH 6.4 in low K ϩ or at pH 7.4 in 25 mM K ϩ , cell death was reduced (as visualized by DAPI and TUNEL staining) and strong EGFP fluorescence (showing healthy infected neurons) was observed (Fig. 7, D-E) . Protection was however consistently weaker with the TASK-3-infected neurons. As previously reported (46), the G95E mutation in the P1 region induced a loss of rTASK-1/-3 channel function when expressed in Xenopus oocytes (Fig. 8 , 
A-B).
Hippocampal neurons infected with the rTASK-1 G95E or rTASK-3 G95E mutants were healthy, displaying a bright green fluorescence, and no sign of cell death was detected in the low K ϩ condition at pH 7.4 (Fig. 7E) .
Expression of Dominant-negative Loss of Function TASK Mutants Protects Cerebellar Granule Neurons from Low K
ϩ -induced Cell Death-The loss of function G95E subunits behaved as dominant-negative mutants, suppressing the activity of their homologous WT channels in a dose-dependent manner, when expressed in Xenopus oocytes (Fig. 8, A-B) . Again, it should be noted that the amplitude of the rTASK-3 currents was much stronger compared with rTASK-1. The concentration of injected rTASK-3 mRNA needed to be diluted at least by 200-fold to record currents of comparable amplitude (Fig. 8,  A-B) . Next, we co-expressed the rTASK-1 G95E with WT rTASK-3 and the rTASK-3 G95E mutant with WT rTASK-1 (Fig.  8, C-D) . The G95E mutants reduced the amplitude of the non-homologous WT rTASK current in a dose-dependent manner, thus behaving as trans-dominant-negative mutants (Fig.  8, C-D) . By contrast, mTREK-1 G144E did not affect rTASK-1 (n ϭ 28) or rTASK-3 (n ϭ 27) currents even with a 100-fold mRNA excess, although it consistently inhibited TREK-1 WT (n ϭ 28)(not shown). We took advantage of the rTASK-1/-3 G95E dominant-negative mutants to genetically inactivate the endogenous rTASK subunits in cultured GN (Fig. 8E ). GN were infected at 6 DIV (in 25 mM K ϩ ) and then transferred to low K ϩ after 30 h of culture. The cells were fixed and analyzed for cell viability with DAPI staining after 6 h of culture in low K ϩ condition. At this time point, about 50% of the GN had died in either EGFP-or mTREK-1/EGFP-expressing neurons (Fig.  8E) . The dominant-negative mutants rTASK-1 G95E and rTASK-3 G95E significantly reduced the number of dying neurons (Fig. 8E) . By contrast, the expression of WT rTASK-1 or rTASK-3 increased cell death to about 100% (Fig. 8E) .
The Murine OF1 Cerebellar Granule Neurons Survive in Low K
ϩ Conditions-The amplitude of IKso in murine OF1 GN was significantly smaller compared with the one recorded in rat GN cultured under the same conditions (8 -9 DIV) (Fig. 9A) . Unlike rat, mouse OF1 GN survived upon K ϩ withdrawal after 8 h (Fig. 9B) . DISCUSSION 
Functional Link between IKso and K
ϩ -dependent Rat GN Cell Death-Mature rat GN (8 -9 DIV) undergo cell death if cultured in a physiological K ϩ concentration of 5 mM. Neuronal death is prevented in a depolarizing medium containing 25 mM K ϩ . GN, which are grown in a high K ϩ medium, die within a few hours if transferred to a medium containing low K ϩ . Young neurons (1-3 DIV), lacking IKso, are resistant to low K ϩ -induced cell death. Similarly, rat mature hippocampal neurons and mouse OF1 GN, with a very small IKso, do not undergo K ϩ -dependent cell death. Both GN death and IKso are resistant to the K ϩ channel blockers TEA and 4-AP. Decreasing extracellular pH inhibits IKso and prevents K ϩ -dependent cell death of mature GN as visualized by nuclear condensation. Furthermore, extracellular acidosis abolishes LDH release, DNA fragmentation and caspase activation, hallmarks of apoptotic cell death. Similarly, ruthenium red and muscarinic inhibition of IKso also protect mature GN from K ϩ -dependent cell death. All together, these results indicate a correlation between IKso and K ϩ -dependent GN cell death in culture. TASK Channels and Cerebellar Granule Neurons IKsoIKso, recorded in cultured GN or in cerebellum thin slices, is an outwardly rectifying K ϩ current with biophysical, pharmacological, and regulation properties identical to the recently cloned TASK-1 and TASK-3 2P domain K ϩ channels (30 -35, 40, 41, 47-49) . TASK-1 and TASK-3 are resistant to TEA and 4-AP, reversibly inhibited by extracellular acidosis and by activation of Gq-coupled receptors including the m3 receptor. The amplitude of IKso in cultured GN follows the temporal expression of TASK-1 and TASK-3 mRNAs, although TASK-3 seems to be the predominent player (see below).
Genetic Transfer of K ϩ -dependent Cell Death to Hippocampal Neurons-In vitro K
ϩ -dependent cell death is transferred to hippocampal neurons, lacking IKso, by expressing TASK-1 or TASK-3 channels. These TASK-expressing hippocampal neurons, similarly to the native GN, are protected by acidosis (pH 6.4) and by increasing extracellular K ϩ . The lethal effect of TASK-3 is stronger and faster compared with TASK-1, but protection by extracellular pH and K ϩ is weaker. The pK value of TASK-1 is in the range of the physiological pH (7.2-7.4), while a more acidic value (5.9 -6.7) has been reported for TASK-3 (30 -35, 40) . The lower pH sensitivity of TASK-3 may thus explain the weaker protection observed at pH 6.4. When expressed in both hippocampal neurons and Xenopus oocytes, the amplitude of the TASK-3 current is substantially higher than that for TASK-1 (Ref. 46 and the present study). This important difference in expression level may be responsible for the weaker protection by high external K ϩ (25 mM) on TASK-3-expressing hippocampal neurons. The induction of cell death requires TASK channel activity as the introduction of TASK-1 and TASK-3 loss of function mutants do not alter cell viability. It is interesting to note that TREK-1 WT does not induce cell death, while the constitutively active mutant E306A (54) mimics the effect of TASK channels. This further demonstrates that constitutive opening of the 2P domain K ϩ channels induces death of cultured neurons. A previous report demonstrated that the kidney weak inward rectifier K ϩ channel ROMK1, that is also open at rest, similarly induces hippocampal neuron apoptosis (7) .
Protection of Granule Neurons by Genetic and Pharmacological Inactivation of Endogenous TASK Channels-
We used the dominant-negative loss of function mutants rTASK-1 G95E and rTASK-3 G95E to inactivate the endogenous TASK channels in cultured mature GN. Both rTASK-1 G95E and rTASK-3 G95E significantly reduce cell death of 8 DIV GN in culture. These results indicate that the activity of the TASK channels is prob- ably linked to the low K ϩ -induced cell death of developing GN in vitro. The present report also supports the earlier evidence that TASK-1 and TASK-3 subunits may co-assemble to form a heteromultimeric channel at least when expressed in Xenopus oocytes (40) . Dimeric TASK-1/TASK-3 channels, expressed independently or as tandem constructs, display intermediate pH sensitivity and intermediate inhibition by Gq-coupled receptor stimulation, thus demonstrating heteromultimeric assembly (40) . Another recent study has however failed to demonstrate heteromultimerization between TASK-1, TASK-3, and TASK-5, an electrically silent subunit (46) . Since TASK-1 and TASK-3 can form a heteromultimeric complex, the dominantnegative mutants do not allow discrimination between channel subunits. Four types of background K ϩ channels related to TASK-1, TASK-3, TREK-2, and to an as yet unidentified channel have recently been described in rat-cultured GN (49) . Taken together these results strongly suggest that the homomultimeric TASK-1, TASK-3, and possibly the heteromultimeric TASK-1/TASK-3 channels, are contributing to IKso and thus may directly influence GN K ϩ -dependent cell death in culture.
We have used a pharmacological approach to determine which of the TASK subunits is involved in GN cell death. Ruthenium red, a polycationic dye, blocks TASK-3 although it fails to affect TASK-1 and the heteromultimer TASK-1/TASK-3 (38, 52) . By contrast, the endocannabinoid anandamide, at low concentrations, is a preferential blocker of TASK-1, independently of the CB receptors (37) . Ruthenium red, unlike anandamide, fully blocks IKso in the micromolar range and protects GN. These pharmacological results suggest that the homomultimer TASK-3 is dominant in GN K ϩ -dependent death in culture. The pK value for TASK-3 is in the range of 5.9 -6.7 (30, (32) (33) (34) 40 ) that corresponds to the value presently found for IKso of 6.7. GN are half-protected from K ϩ withdrawal at about pH 7.0. The slight difference of 0.3 pH units between these pKs may reveal a non-linearity between IKso, K ϩ efflux and cell death, the eventual synergestic contribution of TASK-1 (pK a of 7.2-7.4) or the involvement of another pH-sensitive mechanism such as the acid-inhibited type 4 baseline K ϩ channel (49), the proton-gated cationic channels ASIC or TRPV that could also contribute to depolarize and thus protect neurons.
Intracellular K ϩ and Neuronal Apoptosis-The link between K ϩ channels, apoptosis, survival and proliferation has become increasingly recognized over the recent years (3-9, 11, 12, 55) . For instance, apoptosis of mouse neocortical neurons induced by serum deprivation or by staurosporine is associated with an early enhancement of voltage-dependent delayed rectifier current and consequent loss of intracellular K ϩ (5). Cortical neuron apoptosis is reversed by increasing extracellular K ϩ or by pharmacological inhibition of the Kv channels. Interestingly, staurosporine-and serum starvation-induced GN apoptosis occur in both a K ϩ -rich and an acidic culture medium. These results suggest that, a mechanism independent of K ϩ channels, including TASK, is probably at play in this specific type of GN death, unlike the K ϩ -dependent cell death in vitro. K ϩ has previously been proposed to contribute to the apoptotic phenotype by two distinct, but not necessarily independent, mechanisms. First, K ϩ efflux is associated with an osmolytic water loss leading to apoptotic volume decrease (AVD), a key initial apoptotic event (56, 57) . Second, K ϩ has been suggested to be an important negative regulator of intracellular enzymes, such as nucleases and caspases, which play a strategic role in apoptosis (56, 57) .
The present study indicates that, in culture, there is a good correlation between TASK/IKso amplitude and rat GN K ϩ -dependent death. However, the interpretation of this data needs to take into account that multiple other molecular pathways are also involved in the control of GN cell survival/death. Fur- thermore, the limitation of the experimental procedures that have been used should be carefully considered. For instance, besides TASK channels, lowering extracellular pH will clearly affect other types of ion channels including VR1, ASIC and NMDA, and also induce a large number of effects unrelated to ion channels within the cells. Similarly, at the pharmacological level, ruthenium red, which preferentially blocks TASK-3 and protects GN from cell death, may also affect multiple other important targets including other 2P domain K ϩ channels such as TRAAK or the ryanodine receptor among others (38) .
Our data confirm that overexpression of a K ϩ -selective channel, which is open at rest, can lead to cell death in vitro as seen with rat hippocampal neurons (7). Protection of rat GN by expression of TASK G95E dominant-negative mutants, indicates that TASK background K ϩ channels may similarly contribute significantly to the K ϩ -dependent rat GN cell death in culture. The correlation between the reduced IKso amplitude and the ability of cultured murine OF1 GN to survive in low K ϩ conditions, further suggests a close relationship between TASK/IKso current amplitude and K ϩ -dependent cell death. It is interesting to note that GN from the C57BL/6 mouse strain express a large IKso (47) and undergo apoptosis in vitro, similarly to rat neurons, in a physiological K ϩ medium (58). 2 A key question remains as to whether there is a similar relationship between TASK channel activity and developmental GN apoptosis in vivo. The increase in the levels of TASK-3 (about 6-fold) and to a lesser extent TASK-1 (about 3-fold) transcripts in culture complicates the comparison between the in vitro and in vivo situations. The knock out of TASK subunits will certainly be valuable to directly assay the role of these channels during in vivo GN developmental apoptosis. However, the absence of a significant IKso in the murine OF1 GN suggests that alternative or parallel mechanisms are also at play during development.
While this article was submitted, an interesting report has appeared demonstrating the genomic amplification and the oncogenic properties of KCNK9 (TASK-3) (12) . TASK-3 transcript is overexpressed from 5-fold to over 100-fold in 44% of breast tumors. Overexpression of TASK-3 in cell lines promotes FIG. 8 . Protection of cultured rat cerebellar granule neurons by expression of rTASK-3 G95E and rTASK-1 G95E dominant-negative mutants. A, earlier studies have reported that the G95E mutation in the first selectivity filter of 2P domain K ϩ channels induces a loss of function (46) . In agreement with this report, electrophysiological recordings in Xenopus oocytes demonstrate that TASK-1 G95E behaves as a dominantnegative against WT TASK-1. In the experiments illustrated in this figure, the amount of mRNA injected was constant and adjusted with the mRNA encoding FaNaC, a ligand-gated sodium channel silent in the absence of FRMFamide. The amount of TASK or mutant mRNA injected per oocyte is indicated. The mRNAs were in vitro transcribed from a pEXO vector containing the 5Ј-and 3Ј-untranslated region of Xenopus globin. Currents were recorded with voltage ramps of 800 ms in duration from Ϫ120 mV to 100 mV applied every 10 s from a holding potential of Ϫ80 mV. Currents were measured at 0 mV. Each data point is the mean of 20 oocytes. B, same procedure with TASK-3
G95E
. Note that in these experiments TASK-3 mRNA was diluted by 200-fold compared with TASK-1 illustrated in A. Each data point is the mean of 10 -15 oocytes. The loss of function TREK-1 G144E mutant did not affect TASK-1 (n ϭ 28) or TASK-3 (n ϭ 27) currents even with a 100-fold mRNA excess (not shown). C, heteromultimeric association between TASK-1 and TASK-3 has been previously proposed (52) . Present experiments using TASK G95E loss of function mutants support this earlier statement. TASK-3 G95E behaves as a dominant-negative mutant when co-expressed with TASK-1 WT. The dominant-negative effect is dose-dependent. Each data point is the mean of 15 oocytes. D, TASK-1 G95E behaves as a dominant-negative mutant when co-expressed with TASK-3 WT. The dominant-negative effect is dose-dependent. Each data point is the mean of 12-19 oocytes. E, quantitative analysis of GN viability after 6 h incubation in the low K ϩ condition containing 5 mM KCl. The histogram represents % of apoptotic EGFP expressing GN estimated by DAPI staining. The dashed line indicates the level of apoptotic cell death in EGFP-infected GN. All data are from four independent experiments and reported as mean Ϯ S.E. In these Xenopus oocyte and GN experiments, all rat TASK channels were tagged at the amino terminus with hemagglutinin.
FIG. 9. OF1-cultured cerebellar granule neurons are resistant to K
؉ withdrawal. A, the current density of IKso is significantly smaller in murine OF1 GN compared with rat GN cultured under identical conditions (8 -9 DIV). Currents were recorded with voltage ramps of 800 ms in duration from Ϫ120 mV to 100 mV applied every 10 s from a holding potential of Ϫ80 mV. Currents were measured at 0 mV in the external medium containing 5 mM K ϩ at pH 7.4. B, murine OF1, unlike rat GN survives in the 5 K ϩ condition. GN were cultured for 8 -9 days under the 25 K ϩ condition and was subsequently shifted to the low K ϩ condition for 8 h and analyzed for cell viability by PI labeling.
tumor formation and confers resistance to both hypoxia and serum deprivation, suggesting that its amplification and overexpression plays a direct role in human breast cancer (12) . TASK-1 and TASK-3 channels are reversibly inhibited by hypoxia and have previously been implicated in the chemoreception of both type I carotid body cells and lung neuroepithelial body cells (45, 59) . It has been speculated that the oncogenic effect of TASK-3 may be related to its ability to respond to oxygen (12) . This is particularly relevant to cancer pathology because of the poorly oxygenated areas of solid tumors (12) . These results, further suggest an important role for the TASK channel subunits in the control of cell proliferation/cell death. Dysregulation of TASK transcription/translation/turnover that might occur in disease states and possibly during aging may thus have important functional implications for both cellular excitability and survival (12, 47) . The recently discovered TASK molecular partners (p11 and 14-3-3) that regulate channel trafficking could also influence cell survival by modulating TASK-1/-3 channel expression (60 -62) .
TASK channels are opened by volatile general anesthetics including halothane and isoflurane (26, 44) . Early exposure to inhalational anesthetics, causes widespread neurodegeneration in the developing brain with persistent impairments and represents a potential problem in pediatric and obstetric anesthesia (63) . The stimulation of TASK opening should therefore be considered in volatile anesthetics-induced neurodegeneration. The development of specific modulators of TASK-1/3 channels may be a useful pharmacological strategy for the treatment of neurodegenerative and/or proliferative diseases.
